Using the multi-regional input-output model (MRIO), the paper distinguishes the carbon emissions embodied in commodities for domestic final consumption (CBEs, consumption-based emissions) and those for export (EBEs, export-based emissions), and then calculates carbon emissions embodied in the demand-supply chains for consumption and export based on technical coefficients matrix of the MRIO for one country. Taking China as an example, we provide a dynamic analysis of CBEs, EBEs, and carbon emissions embodied in consumption and export demand-supply chains at the sub-national level based on the MRIO tables for 1997 and 2007. The results show that, in China, the transferred carbon emissions embodied in demand-supply chains driven by consumption and export both showed rapid growth during [1997][1998][1999][2000][2001][2002][2003][2004][2005][2006][2007]. And the net transferred carbon emissions embodied in the demand-supply chains showed an increasing trend as well. Less developed regions with abundant fossil fuels tend to net flow out carbon emissions.
Introduction
The United Nations Framework Convention on Climate Change (UNFCCC) requires parties to submit annual National Emission Inventories to benchmark progress towards the goals of the UNFCCC (Peters, 2008) . The UNFCCC system boundary include all greenhouse gas emissions and removals taking place within national (including administered) territories and offshore areas over which the country has jurisdiction, so it is named production-based emissions accounting (PBE). In the perspective of PBE, the emissions associated with exports are included but those associated with imports are excluded from the national account. Along with the globalization and expansion of international trade, industries including energy intensive industries are gradually transferring from developed countries (almost the Annex I countries that have a responsibility to reduce carbon emissions in UNFCCC) to developing and less developing countries (almost the non-annex I countries without stringent climate change policies in UFCCC). For their part, the non-Annex 1 countries accept this industry transfer from developed countries given the economic benefit it brings them; however, the production technology of most developing countries is generally lower than that of developed countries, meaning that the emission of one unit output is relatively higher, and comes in addition to the emissions caused by forest destruction as the consequence of industrialization in developing countries. Combined, these effects may make global emissions higher. This phenomenon is called "carbon leakage", one main critique of PBE (Peters and Hertwich, 2008; Bednar-Friedl et al., 2012) .
Aimed to solve problem of "carbon leakage", many scholars have proposed the consumption-based emissions (CBE) accounting system and tried to assess the emissions embodied in global trade (Barrett et al., 2013; Davis and Caldeira, 2010; Munksgaard and Pedersen, 2001; Wilting and Vringer, 2007; Yang et al., 2014; Zsófia, 2013) . Research on this topic could be roughly divided into two categories. The first is a separate study on carbon emissions embodied in the trade either internally within a specific-country or the trade between two countries (Lenzen, 1998; Sánchez-Chóliz and Duarte, 2004; Pan et al., 2008; Lin and Sun, 2010; Li and Hewitt, 2008; Yu and Wang, 2010; Xu et al., 2009; Dong et al., 2010; Du et al., 2011; Machado et al., 2001; Mäenpää and Siikavirta, 2007; McGregor et al., 2008; Rhee and Chung, 2006) . The second is a comprehensive study on carbon emissions embodied in global trade between major countries or regions in the world (Ahmad and Wyckoff, 2003; Chen and Chen, 2011; Davis et al., 2011; Lenzen et al., 2004; Munksgaard et al., 2005; Peters et al., 2011) . Authoritative research shows that the carbon emissions Energy Economics 50 (2015) [294] [295] [296] [297] [298] [299] [300] [301] [302] [303] [304] [305] embodied in global trade have increased rapidly, with China currently being the world's largest carbon-export country .
In light of these findings, many other scholars began to study the issue of carbon emissions in China (Chen and Zhang, 2010; Dietzenbacher et al., 2012; Guan et al., 2009; Liu et al., 2015; Peters et al., 2007) . Some scholars have estimated the embodied carbon emissions of China's foreign trade (Guo et al., 2012; Lin and Sun, 2010; Weitzel and Ma, 2014; Zhang, 2012 Zhang, , 2013 . Their findings show that, in addition to the increase in China's own consumption level and accelerated investment in fixed assets, rapidly expanding export is the other major reason why China has seen an increase in its carbon emissions. Other studies have calculated the embodied carbon emissions in the trade between China and specific countries such as the UK, US, Japan, etc. (Dong et al., 2010; Du et al., 2011; Li and Hewitt, 2008; Xu et al., 2009; Yu and Wang, 2010) . With the gradual increase in pressure on China to reduce its carbon emissions, the government has promised to reduce carbon emissions per unit of GDP by 40-45% between 2005 and 2020, and has incorporated these carbon reduction targets into the assessment indicators of the provincial administrative regions in economic and social development. However, China is a big country, with big gaps between regions in terms of their resource endowment, economic level, industrial structure and level of carbon emissions (Afton et al., 2011; Feng et al., 2009) . Furthermore, it has been argued that the implementation of the regional emission reduction policy may exacerbate the inter-regional carbon leakage problem as there are fewer barriers to trade between the regions than to trade between countries (Afton et al., 2011; Feng et al., 2009; Meng et al., 2011) . To engage with this problem, several studies have been conducted that have found a large-scale carbon leakage problem in different Chinese regions. Guo et al. (2012) and Shi et al. (2012) analyzed carbon emissions embodied in provincial final demand and inter-provincial carbon transfer within China by employing a multi-regional input-output (MRIO) table of 2002 for China. Meng et al. (2013) and Zhang et al. (2014) presented a dynamic analysis on the interregional transfer of CO 2 emissions of China and found that its CO 2 emissions embodied in interprovincial trade sharply increased in 2002 calculated CO 2 emissions associated with consumption in each of the 30 Chinese sub-regions as well as emissions embodied in products traded between these sub-regions and the rest of the world on the basis of the MRIO table for 2007 in China. , Ang (2011, 2014) also accounted for the consumption-based emissions of China, and they also depth analyzed the differentia of the results of models with different aggregations and assumptions.
Two general approaches to multi-region emission studies are the emissions embodied in the bilateral trade (EEBT) approach, as in Guo et al. (2012) and Zhang et al. (2014) , and the MRIO approach, as in Meng et al. (2013) and Feng et al. (2013) . The major differences between the two lie in the treatment of the feedback effect (Peters, 2008) . Su and Ang (2011) indicated that the differences between EEBT and MRIO have been reported in some studies, but none has looked into the feedback mechanism of embodied emissions in detail. They showed that the approach using the competitive imports assumption gives estimates larger than those obtained using the non-competitive import assumption in China , and they subsequently presented a hybrid EEBT model to comprehensively investigate the regional emission embodiments of China (Su and Ang, 2014) .
Most previous studies apart from Feng et al. (2013) are primarily concerned with carbon emissions embodied in the commodities and the demand-supply chains for whole final use in China. Feng et al. (2013) studied emissions embodied in products traded within China that are triggered by subdivisions of final use (household consumption, capital formation, and international exports) for 2007, but their investigation lacked a dynamic analysis. In the current paper, we follow Feng et al. (2013) and conduct a dynamic analysis (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) on emissions embodied in inter-regional demand-supply chains caused by different components of final use within China, with the aim of contributing useful commentary on Chinese regional policies on carbon emissions reduction. In this study, regional final use in China is split into final consumption and export, and then consumption-based emissions (CBEs) and export-based emissions (EBEs) are used to explicitly distinguish the eventual use of the emissions in different regions. In addition, the models used to estimate CBEs and EBEs are clearly written by breaking down the calculation procedure of the production-based emissions, and a comparison among results from different studies (including this study) is also given.
The following section will show how we used the MRIO model in order to establish the methodology for this study. The paper will then account for the data sources, and provide the results with analysis and comparison with others. Conclusions and policy recommendations will be promoted at last.
Methods
Multi-region input-output (MRIO) tables and their applications have aroused substantial interest in the forefront of environmental policy debates. Many previous studies such as Meng et al. (2013 , and Su and Ang (2014) have applied MRIO to estimate CO 2 emissions embodied in regional trade in China. Similar with others, we treat MRIO model to adapt our study. is the total output in region r. v s refers to the added value in region s, and x s is the total input in region s.
Direct carbon emissions of industries (PBEs)
The concept of PBE accounting, as used under the Kyoto Protocol, is a straightforward approach to account for carbon emissions. It is characterized by clear system boundaries and good data availability. In this study, we suppose the PBEs of the country to be C PRO , and the PBE of region r to be c pro r . The PBE of region r divided by the total output in region r could obtain the quantity of direct carbon emissions per unit of output, namely, the direct carbon emissions factor of region r, as the following formula demonstrates:
Carbon emissions embodied in the demand-supply chains: CBEs and EBEs
From horizontal angles in Table 1 , we obtain 
By multiplying both sides of formula (3) by F, the national gross emissions can be expressed as follows:
where F is the row matrix of f r , Specifically: , it means the cumulative output produced in region r demanded by the final use in region s. Assuming there are no differences in the production requirements in the model for producing one unit of export or one unit of consumption 1 , by breaking down formula (5), the emissions in r caused by final use in all regions (including region r) can be expressed as follows:
where C pro.con r denotes region r's direct emissions for national consumption, and C pro.ex r stands for region r's direct emissions for national export. By further breaking down formula (6), the emissions in r caused by final use in s-in other words, the emission transfers from r to s caused by consumption in s-could be extracted as:
The first part of the right side in formula (7) refers to the emissions in region r caused by final consumption in region s, in other words, the transfer emissions from r to s caused by consumption in s. The second part expresses the emissions in region r caused by exports of region s, in other words, the transfer emissions from r to s caused by export in s. From this, the CBEs (domestic part, similarly hereinafter) in region s can be obtained as follows:
It should be noted that the CBEs of region s expressed in Eq. (8) cover only domestic part as the emissions embodied in international imports for domestic consumption are not the focus of this study.
And the EBEs in region s could be written as:
We must notice that, the aim of the promotion of EBE is not exactly similar to CBE. A clear reason exists behind providing CBE (where are the consumers "responsible" for the emissions). For EBE, emissions are attributed to regions where export activity take place, but these regions are "not responsible" for these emissions. EBE is facilitated to reveal the location of the emissions to support national export, and if the export structure adjusts, then the emissions of a certain region would be affected by demand-supply chains.
Given the arbitrary choice of r and s, the emissions in s caused by the final use of r could also be written symmetrically:
And the net carbon embodied in the demand-supply chain driven by consumption (CEDSC for short, similar with internal trade balance of embodied emissions in other studies such as Su and Ang, 2014 ) from r to s could be calculated by: 
Similarly, the net carbon embodied in the demand-supply chain driven by export (CEDSE for short) from r to s is: 
Data sources
The main data sources used in this study were the 1997 and 2007 Chinese multiregional input output tables (CMRIO) and the database of Chinese provincial energy use and carbon emissions. China does not officially publish a multi-regional input-output model regularly. Therefore, many organizations have compiled CMRIOs for research. Previous studies also applied different CMRIO data sources, such as the data source of (Liu et al., 2012) in our study. Both CMRIOs are available publicly and compiled by the best-known gravity model of Leontief and Strout (1963) based on the known trade matrix of dominant/representative commodities. Nevertheless an augmented gravity model that accommodates the spatial dependences of the dependent variable is used for the 2007 CMRIO table (for more information, see Liu et al., 2012 and SI in Feng et al., 2013) . The 2007 CMRIO also has a more specific sector and regional classification (30 sectors and 30 regions) compared with the 8 regions and 17 sectors in the 1997 CMRIO. For comparison, we aggregate the 2007 CMRIO to an 8 × 17 classification. Eight sub-national main regions, as shown in 1 Some recent papers (Dietzenbacher et al., 2012; Weitzel and Ma, 2014) highlight the importance of export processing for Chinese exports. EBE could thus be overstated if the same production structure is assumed for consumption and export goods. Table A1 . The environment data is calculated from the combustion of fuels and industrial processes using the Intergovernmental Panel on Climate Change reference approach (IPCC, 2006) . In this study, CO 2 emissions from burning fossil fuel and from cement production are included. To calculate carbon emissions, 18 types of combustion of fuels (namely raw coal, cleaned coal, other washed coal, briquettes, coke, coke oven gas, other gas, other coking products, crude oil, gasoline, kerosene, diesel oil, fuel oil, liquid petroleum gas, refinery gas, other petroleum products, natural gas and other energy) and industrial processes were considered in this study. Generally, provincial fuel data and cement output for detailed sectors (generally 44 sectors) could be collected from the China Energy Statistical Yearbooks, and China Provincial Statistical Yearbooks of the target years. However, several provinces, such as Hebei, Heilongjiang, Xinjiang, have no energy consumption by detailed sector. Thus, information about energy consumption in the China Provincial Economic Census by sector is used in estimating energy consumption by sector of the target years. When the values of energy consumption in the China Energy Statistical Yearbooks and the China Provincial Statistical Yearbooks are inconsistent, the value in the former shall prevail. The average low calorific values contained in the appendix of these China Energy Statistical Yearbooks were adopted, complemented by the IPCC 2006 Guidelines (IPCC, 2006) in case the values of any type of energy were unavailable in the China Energy Statistical sources. The potential carbon emission factors by energy use were taken as, by default, the values in IPCC 2006 Guidelines (IPCC, 2006) . Generally, the oxidation rate was valued at 1; however, considering the efficiency of energy use in China and also according to other studies (Fan et al., 2007) , the oxidation rates by the different types of energy were taken as varying between 0.98 and 0.995. In addition, the energy use and CO 2 emissions data for 44 sectors and 30 provinces are aggregated to match the CMRIO classification.
Results

PBEs and regional economic development
According to the regional total amount of direct carbon emissions (PBE), GDP, and the total output from 1997 and 2007 (at 1997 constant price, 2 similar hereafter), the regional direct carbon emission factors and per capita GDP could be obtained. These results are shown in Table 2 . From these results, it is evident that, firstly, China's direct carbon emissions mainly came from central and coastal areas, while the Northwest was the fastest growing emissions region. From the PBE results, it can be deduced that the Middle Region, North Coastal, East and 2007. By comparing the regional growth rates of PBE during 1997-2007, excluding Beijing-Tianjin and the Northeast regions, it can be seen that all other regions exhibited high growth rates (N75%), with the Northwest being the fastest growing (145.4 %), followed by the North Coast (133.6%) and the East Coast (115.7%) areas. Secondly, it can be seen from these results that the regional direct carbon emissions factor is inversely proportional to regional economic development, which indicates that developed regions such as Beijing-Tianjin and Southeast Coastal areas generally have lower carbon emission factors. Conversely, developing regions such as the Northeast and Midwest have higher carbon emission factors.
CBEs, EBEs and regional difference
According to formula (6), one region's carbon emissions could be divided into two parts: carbon emissions caused by final use of the nation (hereafter including fixed capital formation), expressed by the first part of the right side of Eq. (6),and labeled as PBEs (consumption) and carbon emissions induced by the export of all regions, namely, the second part of the right side of Eq. (6), labeled PBEs (export).The CEBs and EBEs could be obtained by formulas (8) and (9). Per capita CEBs and EBEs of unit value of export could be calculated combined with regional population and export data. These results are shown in Tables 3 and 4. At national level, in 1997, 680.32 million tons of carbon were emitted that were caused by final use, and 159.20 million tons of carbon were generated by export, accounting for 81.04% and 18.96% of PBEs in China in 1997 respectively. By 2007, carbon emissions caused by the nation's final use increased to 1181.26 million tons, representing an increase of 73.63% from 1997. Carbon emissions caused by export had also increased by 2007 to 445.39 million tons, an increase of 179.77% and significantly higher than the former increase rate. The implication here is that export expansion is one of the main reasons of carbon emissions increase in China.
CBEs and regional difference
At regional level, during 1997-2007, the domestic CBEs of every region increased. The North coastal region was the fastest increasing region (139.79% increase), followed by the Middle region (92.17%) and Beijing-Tianjin region (88.49%), which all demonstrated a far higher CBEs increase than national average level (73.63%). The slowest CBEs increase was found in the Northeast (21.93%) owing to this region's slow GDP and household income growth. Fig. 2 shows the relationship between regional CBEs and economic development in 1997 and 2007 respectively. It is can be seen that regions with higher per capita GDP, such as Beijing-Tianjin, East Coast, South Coast, generally had a higher per capita CBE, while a lower per capita GDP corresponded with a lower per capita CBEs. Therefore, per capita CBEs were positively proportional to regional economic development. From the data shown in Fig. 2 , it can also be deduced that per capita CBEs of northern regions were generally higher than those of southern regions in China. This is partly related to heating habits in winter in northern areas, and rich hydropower in southern regions. In addition, although the regional differences in CBEs widened between 1997 and 2007 (the coefficient of variation of CBEs increased from 0.385 to 0.416), the coefficient of variation of per capita CBEs declined, suggesting that regional differences in per capita CBEs had narrowed. Table 4 shows the regional EBEs of China. It is evident that the East Coastal and South Coastal regions were the main sources of EBEs, since they were the key export bases in China. The sum of the EBEs in these two areas accounted for 58.36% and 58.72% of national gross EBEs, while the total exports of these two regions accounted for 72.27% and 54.71% of the country in 1997 and 2007 respectively. However, the gross EBEs of the Middle and West regions (including MR, NW, SW) is low, accounting only for approximately 12-14% of the country's EBEs. By comparing the regional growth rates of EBEs with those of CBEs, it can be seen that the EBEs growth rates of each region were very fast and far higher than those of CBEs. The North Coastal region exhibited a leading growth rate at 361.38% from 1997 to 2007. These datum show that, overall, there were large-scale carbon emissions created by the rapidly increasing regional export activity in China.
EBEs and regional difference
However, even though the East Coastal and South Coastal regions had the largest absolute values of EBEs, their embodied carbon emissions per unit of exported value were relatively lower than those of other regions (excepting the Beijing-Tianjin area), mainly owing to the high proportion of high value-added and high-tech commodity in their exports. In contrast, the carbon emissions embodied in the unit value of exported products of the Northwest, Northeast, North Coastal region and Middle region were higher, which indicated the presence of low value-added exports with high energy intensity, and high proportions of low-end manufacturing products. In addition, the results of the coefficients of variation shown in Table 4 highlight that regional differences in the value of EBEs and the EBEs per unit of export were both increasing. This reflected not only the scale of regional exports but also the export structure, within which there was a polarization trend; that is, regions with a "clean" export structure such as the South Coast and East Coast were getting better, and regions with a "dirty" export structure such as the Middle and West regions were getting worse.
Sectoral analysis
Assuming that the production requirements for producing export or consumption in each sector are the same, emissions embodied in the consumptions and exports (demand) by sector as well as direct emissions (supply) for national consumption and export by sector in each region can be obtained. Thus, by subtracting "demand" from "supply", the sectoral components of regional net outflow emissions (figures in Tables 3 and 4) within China can be derived, see Fig. 3 . Fig. 3 shows that different sectors have different roles in the carbon emissions flow system. For example, the electricity and hot water supply sector is always the largest carbon "supplier" for consumption and export in each region. Sectors such as machinery, transport equipment, electric and electronics, food, textiles, and other services are all carbon "deposits" with different degrees of importance for consumption and export. For consumption (including capital formation), the dominant carbon "deposit" sectors are construction, other services, general and specialist machinery, food and textiles. For export, the main carbon "deposit" sectors are electric and electronics, textiles, and machinery. The major carbon deposit sectors driven by exports are almost all concentrated in the EC and SC regions, which induce significant unbalances between carbon "supplier" sectors and "deposit" sectors in those regions. Thus, EC and SC are the largest emissions inflow areas. When we focus on consumption (left side of Fig. 3 ), the carbon "supplier" sectors and "deposit" sectors for each region appear to be more balanced. Thus, this composition effect primarily explains why the net inflow of emissions in some regions is larger for exports than for consumption (e.g., EC, SC in 2007, see Tables 3 and 4) , although most of the scales of sectoral components for consumption are larger than those for export (see Fig. 3 ). Several interesting changes from 1997 to 2007 are also evident in the outcomes in Fig. 3 . First, the increase rates of "deposit" emissions embodied in the consumptions of transport equipment (142% at the national level, similar hereafter in this paragraph), other services (140%), machinery (134%), and electric and electronics (113%) are relatively faster than those of "deposit" emissions embodied in the consumptions of agriculture (−55%), textiles (−30%), and food (43%). In some sectors such as agriculture and textiles, the increase rates are even negative. This law is more evident in developed regions in China, such as JJ, SC and EC. This change well corresponds with the changes in the regional consumption structure between 1997 and 2007. Second, for export, the outstanding sectoral mix changes of regional net outflow emissions embodied in demand-supply chains for export could be found on the right side of Fig. 3 . In the one hand, emissions net inflow sectors are dominated by textiles and electric and electronics in 1997. In 2007, the electric and electronics sector grows to become the only dominant sector. In the other hand, emissions net outflow sectors are dominated by electricity supply, petroleum refining and chemicals as well as mining and quarrying in 1997. However in 2007, electricity supply becomes the only dominant outflow sector. These changes also reflect the changes in the energy structure in China.
Carbon emissions embodied in the demand-supply chain
Carbon embodied in demand-supply chain driven by consumption (CEDSC)
The net flow of emissions embodied in demand-supply chains driven by consumption increased rapidly from 51.46 million tons to 96.61 million tons in 1997-2007. At regional level, the main CEDSC net "export" regions included the Northwest, Middle region and North Coast, all of which experienced rapid increases in net "export" carbon. The Northwest increased the fastest (going from 3.96 million tons to 40.20 million tons) to become the largest net "export" carbon region by 2007, which was driven by supply increase of electricity, petroleum, coke and chemicals (Fig. 3) .The East Coastal, South Coastal, and Beijing-Tianjin regions were the main CEDSC net "import" regions, all also undergoing rapid increases too. Beijing-Tianjin was the fastest growing region for importing carbon, showing a 4.52-fold increase within the decade. The Southwest was also a net "import" region, but its import was small and showed a decreasing trend. There are two main factors informing the spatial flow pattern of CEDSC in China. The first relates to the geographical division of product activities. Generally, the net carbon "export" region is the producer and supplier of higher carbon intensity commodities such as electricity, minerals and chemicals, metal products, etc., while the net carbon "import" region is the producer and supplier of relatively lower carbon intensity commodities such as service, electrical and telecommunications equipment. In 1997, the energy and raw materials were still mainly produced in the Middle region and North Coast. By 2007, even though the Middle region and North Coastal region were still key suppliers, the implementation of the western development strategy meant that the Northwest quickly became the largest energy and raw materials production base. Most of the energy and raw materials needed in the southeast coast and Beijing-Tianjin areas for manufacturing currently need to be delivered from the Northwest region.
The second factor affecting the spatial flow trend of CEDSC in China is the high level of variation in regional consumption markets. The population and density in the eastern part of China are much higher than that in other areas. Since the reform and opening-up, the east region has been economically advanced. This causes capital and population continue to be attracted and further concentrated in east region which, in turn, has lent itself to a larger consumption market, especially the durable consumption market that inevitably follows a developed economy. Thus the Southeast coast and Beijing-Tianjin areas are the primary importers of carbon embodied in the demand-supply chain triggered by final consumption.
Embodied carbon in the demand-supply chain driven by export (CEDSE)
During 1997-2007, there was no big change in the spatial flow pattern of the inter-regional net transfer of embodied carbon in the demand-supply chain driven by export, which was mainly flowing from the North Coastal, Middle and West regions to areas of the Southeast Coastal and Beijing-Tianjin regions. However, the scale of these fluxes experienced substantial increase, especially the flows from the Middle and West regions to the Southeast Coastal region, which exhibited leading increase rates (Fig. 5) . For example, driven by export, the amount of net carbon emissions transferred from the Middle region to the East Coastal region expanded from 6.43 million tons to 22.78 million tons during 1997-2007, and the net carbon that flowed from the Northwest to the East Coastal region caused by export increased from 1.42 to 11.87 million tons-a 8.35-fold increase. Therefore, it can be argued that the expansion of export activities in the Southeast Coastal region led to a substantial increase of carbon emissions in the Middle and West regions.
The main reason for this rapid increase of carbon transfer embodied in the demand-supply chain driven by export was the quick expansion and sustained concentration of export activity in China. Between 1997 and 2007, the absolute value of China's total export increased from 1516.07 billion CNY to 8331.57 billion CNY (at 1997 constant prices 3 )-5.50-fold in a decade-with the East Coastal and South Coastal regions being the primary export bases. The massive inter-regional transfer of carbon emissions caused by exports also showed that, although most of the export activities occurred in the Southeast coastal areas on the surface, in reality the Middle and West regions played an important role in supplying energy and raw material in the export commodities production chain.
Discussion
This section compares the results of this study with that from previous studies. CO 2 emissions embodied in demand-supply chains in 2007 in the studies and Meng et al. (2013) , which both adopt the same region classification and the same method, are compared. For comparison, carbon emissions that are measured in carbon in the present paper are transferred to CO 2 by multiplying the number Table 5 . Table 5 shows that the results in this paper are somewhere in the middle of the estimations of Feng et al. (2013) and Meng et al. (2013) . For example, the largest inter-regional emissions flux values are all from MR to EC in three studies, but the value of the present paper (201.2 Mt) is smaller than that of Feng et al. (248 Mt) and larger than that of Meng et al. (157.1 Mt) . This conclusion similarly holds for the fluxes of NC → EC, MR → NC, NW → EC, and so on. Su and Ang (2014) state that the estimate of embodiments in international exports can be significantly affected by the choice of either the EEBT or the MRIO approach for interregional trade because of interregional feedback effects (Su and Ang, 2011) . Zhang et al. (2014) demonstrate that this conclusion likewise holds for interregional trade. The current study finds that the estimate of embodied emissions can also be affected by the concept of "embodied" and data sources even though the method is similar. Most studies have estimated the emissions embodied in trade (e.g. Feng et al. (2013) and Zhang et al. (2014) ). However, the concept of emissions embodied in demandsupply chains promoted by this study differs from that of emissions embodied in trade because of the effect of interregional feedback. Su and Ang (2011) illustrate clearly how the emissions embodied in exports are absorbed in the infinite rounds. In other words, the emissions in exports to intermediate use are reallocated to those associated with the final demand. Generally, emissions embodied in trade would be greater than emissions embodied in demand-supply chains because emissions embodied in entrepot trade offset part of the emissions embodied in gross trade. Therefore, the estimated results of Feng et al. (2013) are greater than those in this paper. Another reason why emissions flows reported by Feng et al. (2013) might be higher is the inclusion of emissions embodied in international imports. In fact, the meaning of "emissions embodied in the demand-supply chain" in this paper is similar to that of "spillover of carbon emissions" promoted by Meng et al. (2013) , but the results suggest some differences as well. These differences may be attributed to other factors such as data sources. The MRIO tables in the study of Meng et al. (2013) are compiled by the China State Information Center (Zhang and Qi, 2012) . This study adopts the data from the National Statistics Bureau (Liu et al., 2012) .
Moreover, we admit that both sectoral aggregation and spatial aggregation would influence the calculation results of emissions embodied in the demand-supply chains . Generally, a more disaggregated detailed sectors and spaces yield more accurate results. Restricted by the sectoral and spatial aggregation of the 1997 CMRIO (with 17 sectors and 8 regions, which we think is authoritative and which is available publicly), this paper only estimates the change of embodied emission between 1997 and 2007 at a relatively smaller aggregation level (17 × 8). In order to explain the effect of sectoral and spatial aggregation on embodied emissions, we recalculate the emissions embodied in demand-supply chains in 2007 at the aggregation level of 30 sectors and 30 regions in China based on the original national energy consumption data from the Chinese National Bureau of Statistics and the original 2007 CMRIO (30 × 30) , and then the results are aggregated into 8 regions according to previous regional divisions to facilitate comparison with the results at the aggregation level of 17 × 8. Table 6 displays the comparison of regional net flow out emissions between the two sets of aggregation levels. Table 6 shows that aggregation level is a major factor that influences the results of the embodied emissions. This influence mainly comes from the sectoral and spatial differences of energy consumption, interregional trade, and consumption level. Additional sectoral and spatial differences indicate results that are more varied after sectoral or spatial aggregation. Using more detailed aggregation-level data or choosing sectors or regions with similar economic characteristics to aggregate both could diminish the variation in the results. This aspect is the future research direction of our study.
Conclusions
Based on the MRIO, CBEs and EBEs are distinguished, and method to calculate carbon emissions embodied in the demand-supply chains for consumption and export for one country is set up. Taking China as an example, based on MRIO tables for 1997 and 2007, CBEs, EBEs, CEDSC and CEDSE at the sub-national level were analyzed respectively. The following main findings and policy implications were reached:
(1) The PBEs (reflecting the territorial direct carbon emissions) of each region experienced a rapid increase in 1997-2007, with the fastest growing area being the Northwest. Since the implementation of the western development strategy, Inner Mongolia, Shaanxi and other provinces in the Northwest region of China have gradually become important energy supplying bases. At the same time, the Northwest region of China has remained the area with the lowest energy efficiency and highest energy consumption per unit of output. Large-scale energy exploration in these areas may have brought them a significant amount of revenue and rapid urban development, but may have also created challenges such as ecological damage, a single industrial structure, slow resident income growth, and so forth. Therefore, in the Northwest Territories, while extracting energy and other resources, local government should pay attention to policies that help to avoid ecological damage such as that experienced in traditional energy-intensive areas. These policies should also focus on how to extend the industrial chain based on energy extraction in order to achieve continuous development, how to increase employment and improve household incomes, and how to improve the technology level and efficiency of the use of energy resources. In addition, it was found that the regional direct carbon emission factor is inversely proportional to regional economic development. That is, developed regions generally have a better industrial structure and higher energy-use technology, as well as low carbon emissions level per unit of output. Conversely, regions with a low level of economic development generally contain low-level manufacturing industry, with a larger proportion of energy and raw materials industries, and lower energy-use technology, with consequently higher carbon emissions per unit of output. The expansion of regional differences in direct carbon emissions factors, along with of the increasing gap between regional per capita GDP in 1997-2007, also prove above conclusion. The expansion of regional differences in carbon emissions is not only harmful to the implementation of regional carbon emission reduction policies, but is also not conducive to the sustainable development of the regional economies. Therefore, narrowing regional gaps between economic growth and carbon emissions by accelerating industrial development and improving energy utilization technology in less developed areas with abundant fossil fuels is an urgent challenge for central government to resolve. (2) CBEs and EBEs refer to the full emissions caused by final consumption and export respectively. Transferred carbon emissions embodied in demand-supply chains involved in consumption and export reflect where carbon dioxide caused by final use activities emits. This can then reveal the spatial mismatch between beneficiaries and victims of environment pollution. From the results pertaining to CBEs and EBEs, three key implications emerged.
First, along with the improvement of Chinese people's consumption level, carbon emissions caused by final consumption showed a significant increase. In addition, per capita CBEs were positively proportional to per capita GDP, meaning that carbon emissions caused by per capita consumption increased in line with the improvement of the economic development level. This, in turn, partly reflects that economic growth did not make people's consumption patterns change toward ecological solutions but, rather, expanded existing consumption patterns, or the change in the consumption towards "greener" pattern could have been offset by a shift of production to "dirtier" regions with low technology and high emissions intensity. Thus, promoting eco-consumption patterns and educating consumers about making ecological choices as well as promoting production technology and energy efficiency in industrial transfer in regions can be seen as key tasks in constructing an ecological Chinese civilization. 4 Second, as China became more deeply involved in the global production chain, carbon emissions caused by expanding exports also greatly increased. While it seemed that EBEs mostly occurred in the Southeast coastal areas, in reality there were significant carbon emissions "imported" from Middle West areas. Therefore, further adjusting the export structure, increasing the technological content and added value of export commodities, limiting exports of high energy intensity and low-end products could help to reduce carbon emissions in South east coastal areas as well as in the Middle and West regions.
Third, the inter-regional net transferred carbon emissions embodied in demand-supply chains caused by final consumption and exports had both increased greatly. The primary transfer directions were both from poorer regions such as Northwest, North coastal and Middle regions to developed regions such as Beijing-Tianjin, East coastal and South coastal regions. The region that experienced the most significant change in 1997-2007 was the Northwest, whether it was a case of net transferred carbon emissions caused by final consumption or that caused by exports, the Northwest was the leading region in terms of carbon emissions net outflow. Therefore, from the perspective of consumption, it can be argued that less developed areas with abundant natural resources such as the Northwest are in disadvantaged position as they need to destroy their own environment in order to meet consumer demand in developed regions, while developed regions do not need to pay an equivalent cost. To solve this problem, several scholars have proposed the concept of ecological compensation 5 (Marie et al., 2013; Villarroya and Puig, 2010; Zheng and Zhang, 2006) . This has also been presented in official documents from Chinese central government as a means of resolving the financial problems associated with ecological restoration 6 . However, this has been seen as problematic owing to the most critical issue in ecological compensation-the quantitative accounting of inter-regional ecological impact. From the data in this study, it can be argued that the promotion of the CBEs concept, at least in the field of carbon compensation, provides a quantitative way of measuring inter-regional ecological impact, and thus a valuable reference for the scientific measurement of ecological compensation in other fields.
In conclusion, with China's increasing participation in global production chains and constant economic development, the country's interregional economic ties have grown closer. Transferred carbon emissions embodied in regional demand-supply chains, however, have rapidly expanded. This study has revealed that the absolute values of interregional net transferred carbon emissions embodied in demand-supply chains during 1997-2007 were large and showed a rapid growing trend. It was also found that less developed regions with abundant fossil fuels tend to be a net outflow of carbon emissions. Considering these factors, it can be said that the embodied net transfer of carbon emissions caused by final consumption and exports had increased significantly. This 4 The 17th National Congress of Communist Party of China clearly points out that China will develop an ecological civilization. 5 An environmental protection policy intended to make sure the regions and industries that benefit most from the exploitation of natural resources pay for the damages caused to the environment. 6 Ecological compensation was elaborated in the Report to the Eighteenth National Congress of the Communist Party of China.
paper recommends that government policies should be pursued that promote the economic development of less developed regions, improve consumer attitudes towards ecological consumption, and implement an ecological compensation system, in order to reduce overall carbon emissions in China. Several potential extensions of this study must be accomplished in the future. The main purpose of this study is to measure carbon emissions embodied in domestic demand-supply chains within China. We did not estimate CBEs including import for consumption. Thus, we need more supported data, such as IO tables and energy use in other countries. Most analyses in this paper are discussed at the aggregated regional and sectoral levels due to the data limitations. Therefore, future studies are expected to estimate emissions flows embodied in interprovincial demand-supply chains at a more detailed sectoral level. Additionally, other resources and pollutions, (i.e., water, sulfur dioxide, and nitrogen dioxide) that are embodied in regional demand-supply chains in China are worthy of future investigation. 
